To ensure lifelong immunocompetency, naïve and memory T cells must be adequately maintained in the peripheral lymphoid tissues. Homeostatic maintenance of T cells is controlled by tonic signaling through T cell antigen receptors and common ␥ chain cytokine receptors. In this study, we identify the highly expressed microRNA miR-191 as a key regulator of naïve, memory, and regulatory T cell homeostasis. Conditional deletion of miR-191 using LckCre resulted in preferential loss of peripheral CD4 ؉ regulatory T cells as well as naïve and memory CD8 ؉ T cells. This preferential loss stemmed from reduced survival following deficient cytokine signaling and STAT5 activation. Mechanistically, insulin receptor substrate 1 (Irs1) is a direct target of miR-191, and dysregulated IRS1 expression antagonizes STAT5 activation. Our study identifies a novel role for microRNAs in fine-tuning immune homeostasis and thereby maintaining the lymphocyte reservoir necessary to mount productive immune responses.
To ensure lifelong immunocompetency, naïve and memory T cells must be adequately maintained in the peripheral lymphoid tissues. Homeostatic maintenance of T cells is controlled by tonic signaling through T cell antigen receptors and common ␥ chain cytokine receptors. In this study, we identify the highly expressed microRNA miR-191 as a key regulator of naïve, memory, and regulatory T cell homeostasis. Conditional deletion of miR-191 using LckCre resulted in preferential loss of peripheral CD4 ؉ regulatory T cells as well as naïve and memory CD8 ؉ T cells. This preferential loss stemmed from reduced survival following deficient cytokine signaling and STAT5 activation. Mechanistically, insulin receptor substrate 1 (Irs1) is a direct target of miR-191, and dysregulated IRS1 expression antagonizes STAT5 activation. Our study identifies a novel role for microRNAs in fine-tuning immune homeostasis and thereby maintaining the lymphocyte reservoir necessary to mount productive immune responses.
Adaptive immunity hinges upon a naïve lymphocyte pool that is sufficient in size and breadth to enable Darwinian selection of clones responsive to foreign antigens. Additionally, the generation and maintenance of memory lymphocytes is required for rapid clearance responses against repeated insult. Age-accelerated loss of thymic output post-puberty reduces the T lymphocyte input necessary for peripheral protection and thus highlights the importance of maintaining pools of both naïve and memory T lymphocytes.
Much work has addressed the longevity of naïve and memory cell pools (1, 2) as well as the pro-survival signals that maintain resting T cells in the periphery. Naïve and memory T cells have different strategies and requirements for long-term survival. Naïve T cells, especially naïve CD8 ϩ T cells, are maintained in vivo with minimal proliferation and require tonic signaling through the T cell antigen receptor (TCR) 2 (3) as well as the cytokine IL-7 (4) . Naïve CD4 ϩ CD25 ϩ regulatory T cells (T Regs ) also require tonic TCR signaling but shift in cytokine dependence toward IL-2 (5) . Memory cells are more frequently found in the cell cycle, and their maintenance depends much less on TCR signaling (6) . Instead, they rely primarily on cytokine signals, namely IL-7 and IL-15, although IL-15 is thought to be more important for proliferation than survival (7, 8) . Given limited sources of pro-survival cytokines, naïve, memory, and regulatory T lymphocytes are constantly competing for survival. Thus, the efficiency of responses to these specific and limited pro-survival cytokines is essential for maintaining T lymphocytes at homeostasis.
On the surface of T lymphocytes, the pro-survival cytokines IL-7, IL-2, and IL-15 engage with receptors sharing a common subunit: the common ␥ chain (CD132). This leads to signaling convergence through a shared mechanism, creating a recipe for systemic collapse of adaptive immunity following major perturbation of the pathway. Such systemic collapse is seen in SCID, which arises from the loss of key components required to maintain resting T lymphocytes (e.g. CD127, CD132, and JAK3) (9) . However, small perturbations seem unlikely to collapse the system, instead merely forcing it toward a new equilibrium. Such perturbations are unlikely to present as striking clinical immunodeficiency but may still have serious implications for immunity throughout the life of a patient and influence the outcome of immunotherapies. As such, investigation into the mechanisms by which the immune system fine-tunes the maintenance of resting T lymphocytes may provide new insights to diagnose minor immunodeficiencies and offer new approaches for therapies to promote immunocompetency throughout the life of the patient.
One such mechanism for finely tuning T lymphocyte activity is executed by microRNAs (miRNAs), a population of small (ϳ22 nucleotide) non-coding RNAs, that guide the RNA-induced silencing complex to modulate protein levels by binding to and thereby preventing target mRNA translation (10, 11) . Many recent studies have highlighted important roles for miRNAs in T lymphocytes, including modulation of TCR signal strength (12) , effector cell survival (13) , differentiation (14, 15) , and function (16, 17) . However, there have been no studies that describe the role miRNAs play in the survival of resting T lymphocytes. Here we present data that demonstrate the role of the highly expressed miRNA miR-191 in supporting the survival of naïve, memory, and regulatory T lymphocytes.
Results

miR-191 Promotes T Cell Survival Following TCR Stimulation-
A recent study that quantified miRNA expression among immune cell subsets revealed the presence of select miRNA species with high expression across T and B lympho-cyte differentiation pathways (18) . The consistently elevated expression of these miRNAs among all lymphocytes suggests that these miRNAs play a fundamental role in lymphocyte biology. Although the majority of these highly expressed miRNAs belong to the well studied let-7 family, one miRNA remains uncharacterized: miR-191 ( Fig. 1A) . To determine the significance of miR-191 expression in T lymphocytes, wild-type murine CD4 ϩ and CD8 ϩ T cells were retrovirally induced to overexpress miR-191. Both CD4 ϩ and CD8 ϩ T cells overexpressing miR-191 were protected from activation-induced cell death ( Fig. 1, B and C); no significant differences in proliferation were observed ( Fig. 1, D and E) .
The strong protection from activation-induced cell death following miR-191 overexpression indicates a profound role for miR-191 in T cell survival. Whether miR-191 was essential for T cell development, survival, or function was determined using mice with T cell-intrinsic miR-191 deficiency. A conditional transgenic mouse strain was generated directly on the C57BL/6 background carrying a floxed miR-191 locus (miR-191 f/f ). Our design ensured that the insertion of loxP sites did not interfere FIGURE 1. The highly expressed miRNA miR-191 enhances T cell survival. A, plot of reads from microsequencing of small RNAs for various T cell subsets from supplemental data provided in Ref. 18 . Each miRNA with greater than 1 tag per million in a given sample is plotted as a gray dot. miR-191 is plotted as a black dot, and the tag per million value for miR-191 is given for each cell type plotted. B-E, CD4 ϩ and CD8 ϩ T cells were purified by MACS, infected with mock-GFP or miR-191-GFP retrovirus, restimulated for 24 h post-infection with plate-bound ␣-CD3⑀/CD28, and analyzed at the indicated times post-plating by flow cytometry. B and C, Annexin V and 7-Aminoactinomycin D staining of GFP ϩ CD4 ϩ and GFP ϩ CD8 ϩ T cells. Top panels, representative contour plots. Bottom panels, summary data. D and E, representative MFI plots for CellTrace Violet levels in live, GFP ϩ cells. Data were derived from two to three independent experiments (n ϭ 4 -8/group). Differences in group means were determined by unpaired Student's t test: *, p Ͻ 0.05; ***, p Ͻ 0.001.
with miRNA expression and processing by placing all genetic modifications at least 100 bp away from the pre-miRNA sequence ( Fig. 2A ). Breeding the miR-191 f/f mice to mice expressing Cre recombinase under the proximal Lck promoter (LckCre ϩ ) resulted in miR-191 deletion specifically in T cells beginning at the DN2 stage of thymocyte development (19) . Specific deletion of the miR-191 locus was observed in CD4 ϩ and CD8 ϩ T cells but not B cells (Fig. 2B ), and concomitant reductions in the miR-191 transcript were observed in CD4 ϩ and CD8 ϩ T cells from LckCre ϩ mice (Fig. 2C) . miR-191 f/f Lck- 
miR-191 Instructs ␥ c Signals for T Cell Homeostatic Survival
Cre ϩ mice were viable and fertile and exhibited no gross physical abnormalities. Following stimulation and restimulation through the TCR, CD8 ϩ but not CD4 ϩ T cells lacking miR-191 underwent progressively accelerated cell death over time (18 -26%; Fig. 2 , D and E). Similar to miR-191 overexpression, proliferation was unaffected by miR-191 depletion (Fig. 2 , F and G). miR-191 expression therefore promotes T cell survival, and, in its absence, T cells die more rapidly following TCR stimulation.
miR-191 Deficiency Leads to Peripheral T Cell Loss-T cell development and survival in vivo was then evaluated in miR-191-deficient mice. T cell-intrinsic miR-191 deficiency in 8-week-old adult mice led to a consistent and significant loss of peripheral CD4 ϩ and CD8 ϩ T cell numbers (30% Ϯ 6% and 49% Ϯ 3%, respectively; Fig. 3A ). This deficiency did not recover as mice aged, as 30-week-old aged mice had similar reductions in CD4 ϩ and CD8 ϩ T cells (34% Ϯ 8% and 45% Ϯ 11%, respectively; Fig. 3A ). T Regs were also significantly reduced in number in the absence of miR-191 in young adult and aged mice (42% Ϯ 7% and 49% Ϯ 2%, respectively; Fig. 3B ). T Regs were modestly reduced by proportion, but this did not alter the homeostatic proportions of naïve (CD44 Ϫ CD62L ϩ ) or activated (CD44 ϩ CD62L Ϫ ) CD4 ϩ or CD8 ϩ T cells ( Fig. 3 , C and D). Reductions in naïve and memory T cell numbers in these unchallenged animals were proportional to the overall reduction in T cell cellularity. CD8 ϩ and T Reg cell loss was also observed in the spleens of miR-191-deficient mice at 8 but not 30 weeks of age ( Fig. 3 , E and F). Homeostatic activation in the spleen was largely unaffected by the loss of miR-191 ( Fig. 3, G and H) .
Whether the loss of peripheral T cell numbers was reflective of gross defects in thymic T cell development was evaluated in miR-191-deficient mice. There were no significant alterations to the proportions of thymic T cell subpopulations, but young adult mice showed a consistent reduction in overall thymic cellularity stemming from losses in the CD4 ϩ CD8 ϩ double-positive and CD4 single-positive compartments (29% Ϯ 10% and 23% Ϯ 2%, respectively; Fig. 4A ). Thymic T Reg frequencies were not altered in the absence of miR-191, although total numbers were marginally reduced at rates proportional to the observed reduction in overall thymic cellularity (Fig. 4B ). The reduction in CD4 ϩ CD8 ϩ double-positive cell numbers was preceded by modest reductions in the proportion and number of DN2 cells (47% Ϯ 13%, Fig. 4C ). Thus, in the absence of miR-191, T cell development in the thymus is grossly normal.
miR-191 Deficiency Results in CD8 ϩ T Cell Loss Following Immunization-To determine whether the peripheral loss of CD4 ϩ and CD8 ϩ T cells in naïve mice affects an active immune response, wild-type and miR-191 f/f LckCre ϩ mice were immunized with OT-I (CD8 ϩ T cell-specific) and OT-II (CD4 ϩ T cell-specific) peptides. Following primary immunization, the total number of CD8 ϩ T cells was still reduced in the periphery (51% and 62% reductions in the spleen and lymph nodes, respectively; Fig. 5A ). T Reg numbers were also reduced in the lymph node (46%, Fig. 5B ). However, no proportional alterations were observed for activation, as assessed by CD44 versus CD62L staining ( Fig. 5, C and D) . Further, no differences were observed in the generation of CD4 ϩ effector (CD162 ϩ Ly6C ϩ ), prememory (CD162 ϩ Ly6C Ϫ ), or follicular helper (CD162 Ϫ Ly6C Ϫ ) T cells (20) (Fig. 5E ). CD8 ϩ effectors (Ly6C Ϫ ) (21, 22) were proportionately reduced in both the spleen and lymph nodes of miR-191 f/f LckCre ϩ mice (14% and 17%, respectively; Fig. 5F ). T cell proliferation was then assessed directly ex vivo to determine whether the reduction of CD8 ϩ T cell numbers from miR-191-deficient animals resulted from cell death or deficient proliferation. No difference was observed in the incorporation of EdU (Fig. 5G ). Finally, T cells from immunized mice were restimulated with OT-I or OT-II peptides to determine whether the observed cell loss was due to antigen-specific stimulation. CD8 ϩ T cells from both the spleen and lymph nodes showed impaired survival after 5 h of stimulation (19% and 13%, respectively; Fig. 5H ). As OT-I and OT-II-specific precursors are quite limited in individual mice, this reduction indicates a potentially significant difference in antigen-specific responses in the absence of miR-191. Thus, miR-191 controls the homeostatic maintenance of T cells and further supports cell survival during an effector response.
miR-191 Enables Cytokine-driven Homeostatic Survival-Peripheral T cell maintenance relies on tonic TCR signaling and appropriate cytokine signaling, and diminished signaling reduces cell survival in peripheral lymphoid tissues. To address whether peripheral T cell loss resulted from insufficient cytokine-driven homeostatic maintenance, naïve (CD44 Ϫ CD62L ϩ ) and central memory (CD44 ϩ CD62L ϩ ) CD8 ϩ T cells and T Regs were isolated and cultured in vitro with the appropriate homeostatic cytokines required for the survival of these subsets (IL-7, IL-15, and TCR plus IL-2, respectively). For each of these populations, the loss of miR-191 resulted in increased cell death (21%-70%; Fig. 6 , A-C).
As the IL-2, IL-7, and IL-15 receptors require CD132, CD132 expression was evaluated among CD4 ϩ and CD8 ϩ T cells directly ex vivo. CD132 levels were equivalent among CD4 ϩ and CD8 ϩ T cells with and without miR-191 ( Fig. 6D ). Downstream of CD132, the IL-2, IL-7, and IL-15 signaling pathways converge at the activation of the transcription factor STAT5. Tyrosine 694 phosphorylation is critical to activate STAT5 and initiate transcriptional programs for STAT5-dependent homeostatic survival, particularly for CD8 ϩ T cells and T Regs (23, 24) . Although STAT5 protein levels are equivalent regardless of the presence of miR-191 ( Fig. 6E ), both early and peak phosphorylation of STAT5 on Tyr 694 is significantly reduced in CD8 ϩ cells lacking miR-191 (20%-40% reductions, Fig. 6F ). miR-191 therefore facilitates homeostatic survival following cytokine signaling that relies on STAT5 tyrosine phosphorylation.
miR-191 Targets the Scaffolding Molecule Irs1-The impaired phosphorylation response downstream of cytokine signaling did not result from deficiencies in total STAT5 or CD132, suggesting that miR-191 specifically regulates a different gene or gene set related to this pathway. Phenotypically relevant targets of miR-191 were predicted computationally using the TargetScan algorithm (25) . Humans and mice share 86 predicted targets for miR-191 (supplemental Table 1 ). RT-qPCR screening for these targets in CD4 ϩ T cells from wildtype and miR-191 f/f LckCre ϩ animals yielded a single gene consistently detectable in T cells and with elevated expression in cells lacking miR-191: insulin receptor substrate 1 (Irs1). In both human and mouse, the 3Ј UTR of (mRNA) IRS1 contains one miR-191 target site ( Fig. 7A ), although the 3Ј UTR of (mRNA) IRS1 is not highly conserved. Similarly, other species, including Canis lupus familiaris, Bos taurus, and Rattus norvegicus, contain miR-191 target sites in the 3Ј UTR of (mRNA) Irs1 (data not shown), suggesting functional conservation of miR-191 targeting (mRNA) Irs1. IRS1 is a scaffolding protein that brings p85 and Grb2 to the insulin receptor (26, 27) . IRS1 in human T cells co-precipitates with both JAK1 and JAK3, and this association is enriched during the course of cytokine signaling downstream of CD132 (28) . To demonstrate directly that miR-191 can bind to the 3Ј UTR of (mRNA) Irs1 and block protein synthesis, a 3Ј UTR luciferase assay was performed. Overexpression of miR-191 resulted in down-regulation of firefly luciferase activity (21%, Fig. 7B ) when the full-length 3Ј UTR of (mRNA) Irs1 was cloned downstream; luciferase activity was restored with mutation of the miR-191 target site. These data show that miR-191 targets (mRNA) Irs1 directly. To determine whether miR-191 targets (mRNA) Irs1 in murine T cells, Irs1 transcript and intracellular IRS1 protein levels were measured. CD8 ϩ T cells lacking miR-191 showed a modest up-regulation in Irs1 transcript levels ( Fig. 7C ), whereas both CD4 ϩ and CD8␤ ϩ T cells lacking miR-191 had increased IRS1 protein (24% and 38%, p Ͻ 0.01 and p Ͻ 0.05, respectively; Fig. 7D ). To directly determine whether elevated IRS1 levels enhance T cell death, wild-type CD8 ϩ T cells were retrovirally induced to overexpress IRS1. CD8 ϩ T cells were then cultured in serumfree medium containing IL-2 to determine the rate of cytokineinduced survival. Cells overexpressing IRS1 (62% increase in IRS1 levels, Fig. 7E ) showed a concomitant 67% decrease in survival relative to cells expressing the mock vector ( Fig. 7F ). miR-191 therefore targets (mRNA) Irs1, and increased IRS1 levels induce cell death following stimulation.
Discussion
This study uncovered a miRNA, miR-191, that plays a profound role in the homeostatic maintenance of the adaptive immune system. miR-191 was shown to support cytokine-dependent naïve, memory, and regulatory T cell survival at home- ostasis by controlling the levels of IRS1 and thereby the activation kinetics of STAT5. IRS1 was initially described as the principal substrate for signal transduction downstream of the insulin receptor (29) . Signaling through the insulin receptor phosphorylates critical tyrosines on IRS1, resulting in the recruitment and activation of various SH2 domain-containing proteins, including the p85 subunit of PI3K (26) and GRB2 (27) . Early studies in human T cells found that IRS1 associates with JAK1 and JAK3 in the absence of cytokine and that the addition of IL-2 or IL-4 increases this association (28) . Further, these same studies revealed that cytokine signaling induces p85 PI3K association with IRS1. Later experiments demonstrated that IL-7 signaling in human thymocytes drives increased association between IRS1 and JAK1, JAK3, and p85 (30) . These data support a model in which IRS1 positions at the cytokine receptor by interacting with JAK1 and JAK3. Following cytokine signaling, IRS1 activates p85 and GRB2, driving both PI3K and MAPK signaling. PI3K-mediated mechanistic target of rapamycin (mTOR) activation results in hyperphosphorylation of N-terminal serine residues on IRS1. This hyperphosphorylation then leads to IRS1 associating with FBW8 (part of the cullin RING E3 ubiquitin ligase 7 complex), resulting in poly-ubiquitination and proteasomal degradation (31) .
In normal T cells, there is a balance between the amount of IRS1 bound to JAK1 and JAK3 and the amount of JAK1 and JAK3 free to phosphorylate STAT5. However, in the absence of miR-191, increased IRS1 protein may result in excessive interaction between IRS1 and JAK1 and JAK3. This could sequester the two kinases from the common ␥ chain receptor, resulting in deficient STAT5 activation. Indeed, we observed deficient STAT5 phosphorylation in cells lacking miR-191 as well as diminished naïve, regulatory, and memory cell numbers. STAT5 is an important regulator of survival downstream of cytokine signaling. Mice lacking the entire Stat5 locus (STAT5- NOVEMBER 4, 2016 • VOLUME 291 • NUMBER 45 JOURNAL OF BIOLOGICAL CHEMISTRY 23539 deficient) exhibit almost complete perinatal lethality, with the rare surviving mice exhibiting SCID-type symptoms and a near absence of thymocytes, in addition to dramatic reductions in T, B, and natural killer cells in the periphery (32) . In this study, we observed proportionately normal thymic development but a 30% decrease in thymic cellularity and 40%-50% losses in regulatory and CD8 ϩ T cells in the peripheral lymph nodes. Our data very closely resemble early studies of STAT5-deficient mice in which the targeting strategy actually resulted in N-terminally truncated but partially functional STAT5 (STAT5 ⌬N (23, 33) ). STAT5 ⌬N mice show grossly normal thymic development but exhibit 50% reductions in thymocyte numbers (34) and have preferential loss of CD8 ϩ and regulatory T cells in the periphery (23, 24) . Similarly, the inhibition of STAT5 tetramer formation leads to preferential loss of CD8 ϩ T cells in the periphery and fewer functional regulatory cells (35) . Thus, modest perturbations in STAT5 signaling lead to significant defects in T cell survival, and miR-191 regulation of IRS1 downstream of cytokine signaling is a key rheostat of homeostatic STAT5 signaling.
miR-191 Instructs ␥ c Signals for T Cell Homeostatic Survival
In the last decade, many studies have collectively demonstrated that miRNAs are significant regulators of many distinct molecular networks. However, only a handful of studies have observed a role for miRNAs in regulating immune system homeostasis. These studies report either dramatic alterations in lymphocyte development that then lead to peripheral defects (36) or involve the use of global knockouts and see multiple confounding disruptions (37) (38) (39) . Our study evaluated the specific role miR-191 plays in T cell development and function using a conditional deletion system. Although this system deleted miR-191 in thymocytes during the late DN2 stage of development, no gross abnormalities in thymic T cell development were observed. Rather, these data revealed a novel role for miRNAs in the physiologic maintenance of T cells in the periphery in a mechanism dependent on fine-tuning intracellular cytokine signaling. Such fine manipulation is likely part of a much larger network of genetic and epigenetic regulators that guide lymphocyte fate decisions at homeostasis.
Just as perturbations within the regulatory network affect T cell phenotypes, altered T cell homeostasis likely impacts other cells. As an example, it is known that dendritic cells (DCs) act as a critical source of IL-7 for CD4 ϩ T cells but not CD8 ϩ T cells, which receive IL-7 from the stroma of lymphoid tissues. When IL-7 levels increase, such as when there is a sharp reduction in peripheral T cell numbers, DCs down-regulate IL-7 production as well as MHC II expression, events that then impair the survival of CD4 ϩ T cells at homeostasis (40) . Thus, further investigation is needed to determine whether the loss of CD4 ϩ T cells in miR-191 f/f LckCre ϩ animals arises strictly from a cellintrinsic defect in the response to homeostatic cytokines or whether CD8 ϩ T cell loss results in enhanced IL-7 and DC deficiencies that also contribute to diminished CD4 ϩ T cell survival. Altered DC homeostasis would also likely impact T cell priming during immune responses and is therefore an important area for future investigation.
Cytokine signaling is also crucial to productive ongoing immune responses, and although previous work showed STAT5 to be largely dispensable for CD8 ϩ T cell effector function during a primary immune response (41) (42) (43) , IRS1 was recently shown to negatively regulate STAT3 activation (44) and so likely impacts other STATs in T cells, potentially altering memory formation and/or differentiation. Future studies to address these issues may wish to apply TCR repertoire analysis or TCR transgenics and cell transfer to meaningfully investigate the role of miR-191 and IRS1 in T cell effector responses. Future studies will also need to address the role of miR-191 in B cells, as they also show consistently high expression of miR-191 (data not shown and Ref. 18) . Such work will also need to investigate whether miR-191 has alternate or additional targets in other cell types, as different mRNA and miRNA pools may shift phenotypically relevant miR-191 targeting. Importantly, we demonstrated that the manipulation of miR-191 alters T cell 
homeostasis without leading to severe immunodeficiency or autoimmunity. As much data exists on the causative agents disrupting active immune responses and the formation of immunological memory, we must also understand the basic processes underlying the continued maintenance of a functioning immune system so that we might promote healthy immune function throughout the life of the individual.
Experimental Procedures
Mice-Mice designated "wild-type" were C57BL/6 mice expressing CD90.1 and CD45.1 (B6.PL-Thy1 a /CyJ crossed with B6.SJL-Ptprc a Pepc a /BoyJ) from The Jackson Laboratory (Bar Harbor, ME).
The floxed miR-191 (miR-191 f/f ) construct was generated by PCR amplification of a 9.15-kb long arm, 900-bp short arm, and the pre-miR-191 sequence with at least 100-bp flanking sequence from bacterial artificial chromosome clone RP23-225E15 (CHORI BACPAC, Oakland, CA) using high-fidelity Velocity polymerase (Bioline, Taunton, MA) and the following primers from IDT (Coralville, IA): 5Ј-AGT TCC GCG GCG GCT TAA TTA AGG TTA TTG GCC TTT GCT GCT-3Ј/5Ј-ATG ACC TGT AGA CTG GGA TAC TTC TC CTT GAT GT-3Ј (5Ј half of long arm), 5Ј-CCT GTT CTA GGA CTC TTC CCA GGG AAA CTC-3Ј/5Ј-ACA AGC GGC CGC AAA CCA GTC TAG TGA GAA TGA GAC G-3Ј (3Ј half of long arm), 5Ј-TCA AGT CGA CGG TGG CAG TCA GAG GCG ACG AAA AAA G-3Ј/5Ј-AGT TGA TAT CCT GCC TCT GCC TCC TGA GTA-3Ј (short arm), and 5Ј-AAT ACC CGG GAA AAC ACC TAC TCC TTC CTA CTC AGC CCA-3Ј/5Ј-GTT ACA ATT GAT CAG TCT GGG GGT GCA CCT GAG AGA TGG-3Ј. Fragments were cloned into a targeting vector using the following cut sites: SacII-BclI and BclI-NotI for the 5Ј and 3Ј long arm sides, respectively; SalI-EcoRV for the short arm; and XmaI-MfeI for miR-191. The targeting vector was linearized with PacI, and the targeting fragment was purified following agarose gel electrophoresis and then introduced into C57BL/ 6N-PRX-B6N #1 embryonic stem cells (ESCs) (The Jackson Laboratory). Positive ESC clones were detected by PCR using the following primers: 5Ј-CGC CTT CTT GAC GAG TTC TTC TG-3Ј/5Ј-TTT CCT GTA TTC ATG AGC CCT AAC C-3Ј. Chimeric mice were generated by microinjecting appropriately targeted ESC clones into C57BL/6 blastocysts at the Duke Transgenic Mouse Shared Resource (Duke University, Durham, NC). A single clone produced viable pups, and correct integration of the targeting construct was confirmed by PCRamplifying a 10.98-kb fragment containing floxed miR-191 and extending into the genome using Ranger Polymerase (Bioline) and the following primers: 5Ј-GAG TGA TAA TGT CTG GTG TGC CCT G-3Ј/5Ј-TTG TGT AGC GCC AAG TGC CC-3Ј. Mice containing floxed miR-191 were crossed to Flpe (C57BL/ 6-Tg(CAG-Flpe)2Arte) mice from Taconic Farms (Hudson, NY) to eliminate the PGKneo cassette and were then backcrossed to wild-type mice to eliminate the Flpe transgene and produce miR-191 f/f mice. miR-191 f/f mice were crossed to Lck-Cre (B6.Cg-Tg(lck-cre)1Cwi N9) mice from Taconic Farms to delete miR-191 specifically in T cells. All mice were housed under specific pathogen-free conditions. All studies were approved by the Institutional Animal Care and Use Committee at Duke University.
Cell Preparation and Immunofluorescence Analysis-Singlecell leukocyte suspensions from thymus, spleen, and peripheral lymph nodes (superficial cervical, axillary, brachial, inguinal, and mesenteric) were generated by gentle dissection, and erythrocytes were hypotonically lysed using ammonium-chloridepotassium lysing buffer. For multicolor immunofluorescence analysis of surface proteins, viable single-cell suspensions (1 ϫ 10 6 ) in PBS were blocked for 10 min on ice with 0.8 g of anti-CD16/CD32 (2.4G2) from Bio X Cell (West Lebanon, NH) in 100 l. Cells were then stained for 15 min at room temperature using predetermined optimal concentrations of mAb in FACS buffer (DPBS (pH 7.4), 2 mM EDTA, and 2% FCS). For analysis of intracellular proteins, cells were then washed with DPBS and fixed in DPBS containing 2% paraformaldehyde for 10 min at room temperature. Cells were washed with FACS buffer and then resuspended in FACS buffer with 0.1% saponin (Sigma-Aldrich, St. Louis, MO), held at room temperature for 10 min, and then stained with predetermined optimal concentrations of antibodies. Samples requiring methanol permeabilization (STAT5 and STAT5-Tyr(P) 694 ) were first fixed with 2% paraformaldehyde for 10 min at room temperature, washed in FACS buffer, resuspended in 10% 1ϫ DPBS/90% ice-cold methanol, held at 4°C for 10 min, and then either stored at Ϫ20°C for 24 h or washed with FACS buffer and stained with predetermined optimal concentrations of antibodies in FACS buffer for 30 min at room temperature. If a secondary antibody was needed, cells were washed with FACS buffer and then stained with fluorophore-conjugated secondary for 15 min at room temperature. For samples requiring staining of FOXP3, the FOXP3/transcription factor staining buffer set from eBioscience (San Diego, CA) was used according to the instructions of the manufacturer. After staining and a final FACS buffer wash, cells were resuspended in FACS buffer containing 0.5% paraformaldehyde and kept in the dark at 4°C until analysis.
Unconjugated antibodies for staining included STAT5 (3H7) from Cell Signaling Technology (Danvers, MA). Pacific Blue-, FITC-, AF-488, phycoerythrin-, PerCp-Cy5.5-, phycoerythrin-Cy7-, allophycocyanin-, AF-647-, and allophycocyanin-Cy7conjugated antibodies for staining were as follows: CD3⑀ (145-2C11), CD4 (RM4 -5), CD8␤ (YTS156.7.7), CD19 (6D5), CD25 (PC61), CD44 (IM7), L-selectin (CD62L; MEL-14), CD132 (TUGm2), and Ly6C (HK1.4) from BioLegend (San Diego, CA); FOXP3 (FKJ-16S) from eBioscience; CD162 (2PH1) and STAT5-pY694 (47) from BD Biosciences; IRS1 (E-12) from Santa Cruz Biotechnology (Santa Cruz, CA); rabbit IgG from Jackson ImmunoResearch (West Grove, PA); and goat anti-Rabbit IgG from Thermo Fisher Scientific (Waltham, MA).
Cell proliferation was assessed in vitro using CellTrace Violet (Thermo Fisher Scientific). Cells were stained with a predetermined optimum concentration of 5 M according to the instructions of the manufacturer. Proliferation was assessed directly ex vivo using the Click-iT Plus EdU flow cytometry assay kit (Thermo Fisher Scientific). Cells (1 ϫ 10 6 ) were pulsed with 10 M EdU for 2 h and then stained according to the instructions of the manufacturer. NOVEMBER 4, 2016 • VOLUME 291 • NUMBER 45
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Dead cells were identified and excluded from further analysis by staining with Annexin V and 7-Aminoactinomycin D (Bio-Legend) staining or by staining with the LIVE/DEAD fixable dead cell stain kit (Thermo Fisher Scientific). Single cells with the forward and side light scatter properties of lymphocytes were analyzed using a FACSCanto II flow cytometer (BD Biosciences). Background staining was assessed using isotypematched controls or a fluorescence minus one control. Data were analyzed using FlowJo v8.2 (FlowJo LLC, Ashland, OR).
Retroviral Infection-Wild-type T cells overexpressing GFP or miR-191-GFP were generated by transfection with an ecotropic retrovirus containing the murine stem cell virus vector (45) with a puromycin-IRES-GFP cassette (46) . Pri-miR-191 was amplified from primary splenic T cells and introduced downstream of the 5Ј long terminal repeat sequence using XhoI and EcoRI restriction sites. pBABE-puro-mouse-IRS-1-myc (pBABE-IRS1) was a gift from Ronald Kahn (Addgene plasmid 11374) (47) .
Plat-E cells (48) grown in complete DMEM (10% NCS, 100 units/ml penicillin, 100 units/ml streptomycin, 2 mM L-glutamine, 1 mM sodium pyruvate, and 0.1 mM nonessential amino acids) supplemented with blasticidin (10 g/ml) and puromycin (1 g/ml) were then transduced with the relevant plasmid using Lipofectamine 2000 (Thermo Fisher Scientific), and virus was collected 2 days later for retroviral infection of T cells. T cells were retrovirally infected after 24 h of plate-bound or 2.5 g/ml concanavalin A (Sigma-Aldrich) stimulation by spinning at 800 ϫ g in a centrifuge maintained at 32°C for 90 min with 10 g/ml Polybrene (Sigma-Aldrich).
Plate-bound and Cytokine Stimulation-Plates were prepared by coating the wells of a hydrophilic tissue culture plate with biotinylated poly-L-lysine in DPBS prepared by mixing poly-L-lysine hydrobromide (Sigma-Aldrich) with EZ-link Sulfo NHS-Biotin (Thermo Fisher Scientific). Wells were incubated at room temperature for 1 h with orbital shaking and then washed with DPBS. Wells were then coated with a solution of 1% BSA (Sigma-Aldrich) in DPBS plus 5 g/ml streptavidin (Prozyme, Hayward, CA), incubated as before, and then washed with DPBS. Wells were then coated with biotinylated mAbs that were prepared by mixing functional-grade anti-CD3⑀ (145-2C11, 1 g/ml) and anti-CD28 (37.51, 0.2 g/ml) from Bio X Cell with EZ-link Sulfo NHS-Biotin (Thermo Fisher Scientific) according to the instructions of the manufacturer. Wells were coated with a solution of 1% BSA in DPBS plus biotinylated mAbs either for 1 h at room temperature with orbital shaking or, after 10 min of shaking, placed at 4°C overnight. Wells were washed again with DPBS before plating cells.
CD4 ϩ or CD8 ϩ T cells were purified by FACS at the Duke Flow Cytometry Shared Resource (Duke University Medical Center) or by MACS using Untouched Mouse CD4 and CD8 kits (Thermo Fisher Scientific) according to the instructions of the manufacturer. T cells were plated at 2 ϫ 10 6 cells/ml in warm complete RPMI 1640 medium (10% FCS, 50 M 2-mercaptothanol, 100 units/ml penicillin, 100 units/ml streptomycin, 2 mM L-glutamine, 1 mM sodium pyruvate, and 0.1 mM nonessential amino acids) on coated plates and incubated in a humidified 37°C incubator with 7% CO 2 . For primary stimulation, T cells were given hIL-2 (Peprotech, Rocky Hill, NJ) at 5 ng/ml at plating and 1 ng/ml at each splitting for the first 72 h. Cells receiving puromycin selection were given 3 g/ml puromycin (Sigma-Aldrich) 24 h after infection, and selection then proceeded for 48 h. Cultures were supplemented with warm, fresh complete RPMI medium as needed. For all restimulations, live cells were isolated using Ficoll-Paque PLUS (GE Healthcare). For ␣-CD3⑀/CD28 restimulation, cells were plated at 7.5 ϫ 10 5 cells/ml in warm complete RPMI on coated plates. For IL-2 restimulation, cells were plated at 5 ϫ 10 5 cells/ml in U-bottom plates with 5 ng/ml IL-2 in warm, serum-free RPMI with 0.1% BSA.
RT Quantitative PCR (RT-qPCR)-CD4 ϩ and CD8 ϩ T cells and B220 ϩ B cells were purified by MACS (Thermo Fisher Scientific). Cells were washed with DPBS and lysed and homogenized in TRIzol (Thermo Fisher Scientific). Total RNA was extracted using Direct-zol (Zymo Research, Irvine, CA). cDNA was generated using the Flex cDNA synthesis kit (Quanta Bio-Sciences Gaithersburg, MD) with the included oligo(dT) and random primer sets used for mRNA target analysis. For miRNA targets, a poly(A) tail was added using Escherichia coli poly(A) polymerase (Epicenter, Madison, WI), and cDNA was then generated using a custom universal tag coupled to oligo(dT) (supplemental Table 1 ). After first-strand cDNA synthesis, cDNA was diluted in Tricine-EDTA for long-term storage. The qPCR reaction used SYBR Perfecta Supermix (Quanta Biosciences) and unique forward and reverse primers for mRNA targets or a unique forward primer and universal reverse primer mix for miRNA targets (supplemental Table 1 ). Data were acquired using a LightCycler 480 II (Roche). Data were analyzed in Microsoft Excel 2013 (Microsoft, Redmond WA) using the geNorm method (49) and plotted in Prism v5.01 (GraphPad Software, La Jolla, CA).
Immunization-To assess effector responses, 10-to 12-weekold naïve wild-type and miR-191 f/f LckCre ϩ mice were immunized subcutaneously on the left distal flank with 200 l of an emulsion containing 10 g of ovalbumin 257-264 (OT-I) and 10 g ovalbumin 323-339 (OT-II) peptides (InvivoGen, San Diego, CA) in DPBS and complete Freund adjuvant (Sigma-Aldrich). Seven days later, the spleen and lymph nodes were collected for flow cytometric analysis. Antigen-specific responses were assessed by pulsing 1 ϫ 10 6 total splenocytes and lymphocytes with 10 M OT-I or OT-II peptides. Cells were plated at 5 ϫ 10 6 cells/ml in U-bottom plates and cultured in complete RPMI in the presence of 3 g/ml brefeldin A (eBioscience) for 5 h.
In Vitro Homeostatic Survival Assay-Naïve CD8 ϩ (CD8␤ ϩ CD44 Ϫ CD62L ϩ ), central memory CD8 ϩ (CD8␤ ϩ CD44 ϩ CD62L ϩ ), and regulatory (CD4 ϩ CD25 ϩ ) T cells were purified by FACS at the Duke Flow Cytometry Shared Resource. All cells were plated at 5 ϫ 10 5 cells/ml. CD8 ϩ cells in U-bottom plates and regulatory T cells in flat-bottom plates were precoated as in the plate-bound stimulation assay described above. At plating, naïve CD8 ϩ T cells received 1 ng/ml hIL-7 (Peprotech), memory CD8 ϩ T cells received 10 ng/ml hIL-15 (Peprotech), and regulatory T cells received 10 ng/ml hIL-2 (Peprotech). Survival was assayed by flow cytometry 72 h after plating.
miRNA-targeting Luciferase Assay-The full-length 3Ј UTR of mouse Irs1 (containing the miR-191 target site) was amplified from cDNA generated from mouse CD8 ϩ T cells and miR-191 Instructs ␥ c Signals for T Cell Homeostatic Survival cloned into the pmiRGLO Dual-Luciferase vector (Promega, Madison, WI) downstream of firefly luciferase. A mutated version of the Irs1 3Ј UTR was generated by replacing the miR-191 target site with the restriction enzyme site SalI by synthesizing (IDT) a fragment of the 3Ј UTR containing the mutation and cloning the fragment into the previously generated vector using XhoI and ApaLI sites. Each Dual-Luciferase reporter vector, together with a mock or miR-191 overexpression vector, was co-transfected into NIH-3T3 cells (ATCC, Manassas, VA) cultured in complete DMEM as described above using Lipofectamine 2000. Cells were incubated for 48 h in a humidified 37°C incubator with 5% CO 2 and then lysed. Luciferase reporter activity was determined in a Dual-Luciferase reporter assay (Promega) using an Infinite 200 plate reader (Tecan, Männedorf, Switzerland).
Statistical Analysis-All data collected are included and are shown as individual data points. The significance of differences between sample means was determined using unpaired Student's t test with Welch's correction for unequal variances applied where appropriate as determined using the F test. 
